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This paper describes basic principles underlying the methodology for obtaining quantitative
estimates of benzene exposure in the petroleum marketing and distribution industry. Work
histories for 91 cases of leukemia and 364 matched controls (4 per case) identified for a cohort of
oil distribution workers up to the end of 1992 were obtained, primarily from personnel records.
Information on the distribution sites, more than 90% of which were closed at the time of data
collection, was obtained from site visits and archive material. Industrial hygiene measurements
measured under known conditions were assembled for different tasks. These were adjusted for
conditions where measured data were not available using variables known to influence exposure,
such as temperature, technology, percentage of benzene in fuel handled, products handled,
number of loads, and job activity. A quantitative estimate of dermal contact and peak exposure
was also made. Environ Health Perspect 104(Suppl 6):1371-1374 (1996)
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Introduction
This paper presents a broad overview ofthe
methods employed in a case-control study
to investigate the risk of leukemia in oil
distribution workers with exposure to low
levels ofbenzene. The retrospective estima-
tion of benzene is also described. Two
reports giving the results of the statistical
analyses and the full exposure estimation
are available from the Institute ofPetroleum
(IP), London (1,2).
Since the mid 1970s, the IP has been
sponsoring the follow-up of two large his-
torical cohorts ofworkers in the oil indus-
try. The cohorts consist ofapproximately
35,000 men from eight U.K. oil refineries
and 23,000 men from U.K. distribution
centers. To be eligible for the cohort, the
men had to have worked at least 1 year
between 1950 and 1975. These cohorts
have been followed up for mortality data
since 1951, and their records are now
flagged at the National Health Service
Central Register for both death and cancer
registration. Results from two follow-up
periods have now been published, the first
to 1975 (3,4) and the second to 1989
(5-7). In the second follow-up ofthe distri-
bution center cohort, some increased mor-
tality patterns were identified for leukemia,
in particular for those whose last job was a
driver. Three other cohort studies ofoil dis-
tribution workers have also been published
in recent years, the American Petroleum
Institute study (8), a Canadian study (9),
and the Australian Health Watch study
(10). Table 1 summarizes some of the
results from these studies, together with
those from the IP study in the UK, for
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The study was carried out by a research
team at Nottingham University. The
research team reported to a steering group
of the IP. The exposure assessment was
carried out by occupational hygienists from
the companies involved, who formed a core
group ofa larger exposure assessment task
force. The study benefited from the advice
and guidance of a scientific advisory board
consisting of independent experts. A qual-
ity assurance audit was also carried out by
an independent group.
A total of 91 cases of leukemia
(International Classification ofDiseases
Revision 9, 204-208) were identified from
the 23,000 distribution cohort members
up to the end of 1992. Table 2 shows the
numbers by type of leukemia. Death
certificates were the primary source of
identification, with only three cases being
identified solely from cancer registration.
These three were all deceased but did not
have a mention ofleukemia on the death
certificates. Cancer registrations were also
received for 40 of the deaths. Not unex-
pectedly, the acute leukemias were the
underlying cause of death on the certifi-
cates. In contrast, 8 ofthe 31 chronic lym-
phatic leukemias and 3 of the 11 chronic
myeloid leukemias were a contributory
cause on the death certificates. Four con-
trols per case were randomly selected from
the study population, matched on oil com-
pany, with date of birth within 3 years of
the case, and alive and under follow-up at
the case date ofdeath or diagnosis.
Figure 1 illustrates the exposure assess-
ment process and the data required. The
first step was the collection ofwork histo-
ries for the cases and controls. In the cohort
study, only last job held had been recorded
for those who had left and only current job
held for those still employed. The usual
source ofwork history data is personnel
records. However, the retention policies of
the companies varied, with some retaining
all records and some having a policy ofdis-
carding records a certain time after an
employee had left the company. The qual-
ity ofthe retained records also varied, with
fewhard-copy files being available and most
being on microfiche or microfilm. Medical
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Table 1. Results for leukemia from petroleum distribution cohort studies.
Study Study subgroup Disease subgroup Observed deaths SMR 95% Cl
United States (8) Total Total 27 0.89 0.59-1.29
AML 13 1.51 0.80-2.57
Drivers Total 5 0.69 0.09-1.29
United Kingdom (6) Total Total 61 1.08 0.83-1.40
AML 25 1.21 0.78-1.79
Drivers Total 28 1.25 0.83-1.81
AML 13 1.55 0.82-2.65
Canada (9) Total Total 14 1.01 0.40-2.08
Drivers Total 5 3.35 1.08-7.81
Australia (10) Total Total 5 2.20 0.70-5.00
Total Total plus incidence 10 3.60 1.70-6.60
Abbreviations: SMR, standardized mortality ratio; AML, acute myeloid leukemia; Cl, confidence interval.
Table 2. Leukemia cases and source of identification.
Cases identified from
Death certificates Cancer notification
Leukemia type Underlying cause Contributory cause Total
Acute lymphatic 7 7
Chronic lymphatic 22 8 1 31
Other lymphatic 1 1
Total lymphatic 29 9 1 39
Acute myeloid 30 1 31
Chronic myeloid 8 3 11
Other myeloid 1 1 2
Total myeloid 39 4 1 44
All monocytic 3 3
All other 4 1 5
All leukemia 75 13 3 91
o Develop fuels
formulation and
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Figure 1. Exposure assessment process and data.
and pension records were used to fill some
ofthe gaps in workhistories, and interviews
were also carried out with long service or
retired staff. About 20% ofthe work histo-
ries were incomplete, although many of
these had minor omissions, such as an
incomplete date. Assumptions were made
for these histories; for example, taking a
date midway between known dates ifthere
were gaps for either a job or location
change. All assumptions were noted on the
database to enable analyses to be carried
out on the sensitivity ofthe results to the
quality and source ofthe workhistories.
The job titles used in the oil companies
did not always closely reflect the tasks that
the person actually carried out. There were
considerable changes in both titles and
tasks; for example, the introduction of a
more flexible work schedule, over the years
ofthe study. The titles for the same tasks
also differed between companies. To enable
the exposure-estimating team to interpret
thejob titles in the work histories and relate
them to the tasks and working practices, a
job-task dictionary was developed. This
used information from union productivity
agreements, historical records from com-
pany and other archives, such as Transport
and General Workers Union (TGWU)
minutes, and a large number ofinterviews.
Ahistory ofthe process ofwages and condi-
tions negotiations and key events that
influenced changes in jobs was developed.
The job-task dictionary gave a description
ofthe tasks performed under each job title
and included both official definitions of
tasks and also anecdotal information.
One of the most important pieces of
information required for the exposure-
estimating process was the percentage of
benzene in the fuels. It was discovered,
however, that this information was not
readily available before the 1980s. The IP
therefore developed a model that simulated
refinery operations to estimate this percent-
age. Trade journals were used to obtain the
type of crude oil for each of the major
refineries in the United Kingdom. The
required quality ofthe final gasolines and
the average added lead levels were obtained,
and the quality ofthe average gasoline was
determined. The computer model was
adjusted to provide the correct volume of
gasoline of the appropriate quality. The
average pool benzene content was calculated
from the finished blend.
Therewere more than 300 sites involved
in the case-control study. These included
distribution terminals, lubricating oil
plants, and airport terminals. More than
90% ofthe sites were closed by the time of
data collection. A detailed questionnaire
was developed to collect data on the sites
(including the source and mix ofproducts,
methods ofstorage and distribution, and
working practices) and to record changes
over time. All open sites were visited. The
questionnaire was used to carry out struc-
tured interviews with long-term employees
or retired staff about closed sites. Other
sources of information included pho-
tographs, booklets, site plans, company
magazines, and other material available
from property departments, libraries, and
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archives records. A major source ofarchive
material on all aspects of the oil industry
was the British Petroleum archive held at
Warwick University.
The exposure-estimating method was
an extension ofthe methodology developed
for the Canadian case-control study (11),
in which exposure values, measured under
known conditions, were adjusted for another
set ofconditions. This can be expressed as:
WE = BE x K1x K2 x K3x *--Kn
where WE represents a workplace estimate;
BE represents a base estimate, i.e., exposure
data measured under known conditions;
and K,, represents adjustment factors to
another set ofconditions. Aworkplace esti-
mate was derived for each line ofa work
history (each job, location, and dates of
starting and leaving).
The earliest reports ofmeasurements in
the oil industry are from the early 1970s
(12-14). Since then measurements have
been published regularly (15-18), although,
like many hygiene measurements, these
were taken for regulatory compliance pur-
poses and not to characterize exposure for
epidemiological studies.
More than 200 sets of measurements
were collected relating to petroleum distrib-
ution jobs. These were reviewed to establish
whether the sampling techniques and analy-
ses were consistent andwhether data on vari-
ables known to influence exposure were also
recorded. Where possible U.K. data were
used. The data were standardized where nec-
essary to enable data from different sources
to be combined. Sufficient good-quality data
were available to derive base estimates from
14 separate tasks. Ifnumbers ofdata points
were large enough, a log-normal distribu-
tion was fitted to the data, and the expected
arithmetic mean from this distribution was
used for the base estimate. For small num-
bers ofdata points, the arithmetic mean of
the data was used. All the base estimates
were expressed as 8-hr time-weighted aver-
age (TWA) in parts per million.
There were two job titles for which full-
shift measurements were not available. The
first of these was drivers using top-sub-
merged loading, forwhich there were alarge
number ofmeasurements for loading, which
took about 1.5 hr ofeach shift, but few data
on driving and unloading. Additional moni-
toring was carried out for these activities and
combined with the data for loading to give
an 8hr TWA measurement.
The other job for which there was few
monitoring data available was terminal
operators. An operator's job was considered
to be made up of up to 12 separate tasks.
These were tank draining,* leveling off
over- or under-filled tanks,* tanker com-
partment dipping,* filter cleaning,* storage
tank dipping,* dump trolley activities dur-
ing grade changes and overfilling,* loading,
product receipt, spillage cleaning, mainte-
nance, drum filling, and sampling and test-
ing.* (An asterisk indicates that new
measurements were taken for those jobs.)
Terminal information obtained from the
structured questionnaire established the
number oftimes per month each ofthe 12
activities was undertaken. The 8-hr TWA
was derived from combining the data for the
12 activities for a) three terminal sizes, small,
medium, and large, based on the number of
staffemployed, and b) five time periods that
indicated main changes in oil distribution
practice (e.g., the endofsplash loading).
The 8-hr TWA values ofthe base esti-
mates ranged from 0.016 ppm for site
background jobs such as office workers and
managers, through 0.40 ppm for drivers
carrying out top-submerged loading, to
8.2 ppm for drum fillers, an activity that
continued until the 1950s.
A large number of factors that could
potentially influence exposure were consid-
ered and classified into four broad groups
relating to the work or task, the products
handled, climate conditions, and the tech-
nology. Some ofthese are listed in Table 3.
The final choice offactors with which to
adjust the base estimates depended to alarge
extent on the availability ofdata with which
to construct the adjustment factors. It has
been shown, for example, that wind speed
and the distance at which someone stands
from the source offuel are both important
factors affecting exposure measurements. In
the latter case, data are never recorded. In
the former case, some data were available
from the U.K. Meterological Office, but
were not suitable for use in adjustment. The
six modifying factors used were job activity
(to adjust for differences in tasks from those
covered in the base estimate), number of
loads handled per day, loading technology
(in particular to adjust for differences
between top-splash and top-submerged load-
ing), percentage ofbenzene in the fuel, prod-
uct mix (to adjust for handling products
other than motor gasolines, such as diesel,
during the same work), and air temperature.
A linear relationship was used to adjust
number ofloads, percentage ofbenzene, and
product mix for the standardized values of
the base estimates. Limited exposure data on
top-splash loading indicated that a factor of
3 times the base estimate for top-submerged
loading was an appropriate adjustment. Air
temperature was used as a surrogate for
product temperature vapor pressure. The
amount ofvapor present above liquid gaso-
line is dependent on a combination ofthe
product and air temperature. An equation
was used to relate vapor pressure to air tem-
perature. The modifying factor for air tem-
perature was then the ratio of the vapor
pressure ofinterest to the vapor pressure at
the reference temperature of10°C.
The workplace estimates were derived
for each line of a work history, the base
estimate being multiplied by the six modi-
fying factors. The adjusted estimate for
each job and site for each line was multi-
plied by the time spent for that job, and
these were then summed over each study
member's complete work history to give a
cumulative exposure (ppm-years).
It was recognized that exposure to
benzene by oil distribution workers was
not entirely through inhalation, but that
there was potential for dermal contact.
This was, however, difficult to quantify,
especially retrospectively. A ranked grade
ofdermal contact (none, low, medium, or
high) was therefore assigned to each job of
the workhistory.
One ofthe characteristics ofexposure to
benzene in distribution sites is that it tends
to occur mainly in peaks. This is particu-
larly true for many ofthe tasks carried out
by operators and drivers, such as loading
Table 3. Modifying factors considered in exposure estimating.
Job Product Meteorology Technology
Loading activities Volume throughput Airtemperature Loading rate
Work practices Benzene content ofgasoline Wind speed Vehicle size
Workerposition Source of supply Wind direction Route ofsupply
Frequency of activities Producttemperature Seasonal changes Nature of loading
Duration ofactivities Vapor pressure Number of cargo
compartments
Splitting ofcompartments Seasonal variations Type of cargo
during delivery in products measurements
Other products Gantry construction
Site layout
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Table 4. Peak codes.
Code Frequency Intensity, ppm Duration, min
1 Daily 1-3 1-15
2 Weekly 1-3 1-15
3 Monthly 1-3 1-15
4 Daily > 3 1-15
5 Weekly > 3 1-15
6 Monthly > 3 1-15
7 Daily 1-3 15-60
8 Weekly 1-3 15-60
9 Monthly 1-3 15-60
10 Daily > 3 15-60
11 Weekly > 3 15-60
12 Monthly > 3 15-60
and unloading road tankers, tank dipping,
and sampling. At a workshop on retrospec-
tive estimation ofbenzene exposure, held at
Nottingham University in 1991, a large part
ofthe discussion focused on suitable meth-
ods ofdefining peaks and how these related
to the current knowledge on the pharmaco-
kinetics of peaked benzene exposure
(19,20). Each work history job was given a
code that characterized the type of peak
exposure experienced for that job at that
time and site, according to the duration, fre-
quency, and intensity of the peak. These
peak codes are listed in Table 4.
Summary
This paper describes the principles under-
lying the methodology for obtaining quan-
titative estimates ofbenzene exposure for a
case-control study in the petroleum mar-
keting and distribution industry. Details
of the results of the exposure assessment
and comparisons with the values found in
similar studies are available in a report
from the Institute of Petroleum (1). The
results ofthe epidemiological analyses and
discussion and interpretation ofthe results
are presented in another report (2).
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